Tinospora cordifolia (Menispermaceae) is an Ayurvedic medicinal plant distributed throughout the Indian subcontinent and China. The whole plant is used in folk and the Ayurvedic system of medicine alone and in combination with other plants. Due to its commercial importance, T. cordifolia has been of intense research interest for the last four decades with the isolation of diverse compounds such as alkaloids, sesquiterpenoids, diterpenoids, phenolics, steroids, aliphatic compounds and polysaccharides, along with the discovery of a wide spectrum of pharmacological properties like immunomodulation, anticancer, hepatoprotective and hypoglycemic. Although pharmacological activities of extracts and compounds of T. cordifolia have been studied both in vitro and in vivo, only few mechanisms of action have been explored and need further elaboration. In the present review, the pharmacological activities of compounds and different extracts of T. cordifolia are highlighted, along with those of the marketed products, showing the relevance of phytochemicals and the standardization of the marketed products for medicinal use. This compilation of the extensive literature of T. cordifolia here will be a referral point for clinical study and the development of standardized phytomedicines in healthcare.
Terpenoids: Thirty two diterpenoids and their glycosides of clerodane and norclerodane skeleton [103, 119, [123] [124] [125] [126] [127] [128] [129] [130] [131] [132] , one monoterpenoids [119] , five sesquiterpenoids [8, 120, [122] [123] and one triterpenoid cycloeuphordenol [104] were isolated from T. cordifolia. A bicyclic diterpenoid (C 21 H 24 O 7 ) from the whole plant was tentatively identified as tinosporin [105] .
Phenolics: Four phenyl propanoids [106, 119, 135] , two flavonoids [133, 134] , three lignans [110, 119, 136] and two benzenoid derivatives [102, 122] have been isolated from T. cordifolia.
Steroids:
Four steroids along with δ-sitosterol [128, [136] [137] [138] and 2,3,14,20,22,25-hexahydroxyl-5-cholest-7-en-6-one have been reported [107] .
Essential oil and aliphatic compounds:
The GC-MS profile of the hydrodistilled essential oil of fresh leaves showed the presence of alcohols (32.1%), phenols (16.6%), aldehydes (16.2%), fatty acids (15.7%), alkanes (8.3%), esters (3.2%), and terpenes (1.2%), along with hydroquinone (16.6%), 2-hexenal (14.2%), palmitic acid (14.1%) and phytol (11.4%) [108] . GC-MS analysis of the hexane extract of stems identified methyl-9,12-octadecadienoate (23.2%), methyl 9-octadecenoate (19.7%), methyl hexadecanoate (16.3%) and methyl octadecanoate (5.5%) [52] . Heptacosanol, octacosanol, nonacosan-15-one and cyclohexyl-11-heneicosanone were identified from the stems and whole plant [52, 109, 110] .
Polysaccharide:
The polysaccharide of the stems of T. cordifolia was shown to be composed of glucose 98.0%, arabinose 0.5%, rhamnose 0.2%, xylose 0.8%, mannose 0.2% and galactose 0.3% units [111] .
Others: Several compounds reported from T. cordifolia had no detailed chemical and biological study. Some of these are giloinsterol, a bitter glucoside giloin, a non-glucoside bitter substance giloinin, gilo-sterol, tinosporan acetate, tinosporic acid, tinosporal acetate, tinosporone and tinosporal [31] . Tinosporidine, cordifolone, tinosporon, tinosporic acid and tinosporol were isolated from different parts of T. cordifolia [112] . Two bitter compounds, tinosporide and cordifolide, were isolated from the fresh stems of T. cordifolia [113] . Three furanolactone diterpenoids, C 20 H 20 O 6 , C 20 H 22 O 8 and C 26 H 34 O 11 , were also reported from the stems, but with only physical properties listed [114] [115] [116] . The structures of the compounds isolated from T. cordifolia are presented in Figure 1 .
The leaves of T. cordifolia are rich in protein (11.2%), calcium and phosphorus, and the stems contain an appreciable quantity of zinc [139] .
Antioxidant activity: This is due to the alkaloidal constituents (choline, palmatine, tetrahydropalmatine and magnoflorine), (-)-epicatechin, and an aromatic glycoside, secoisolariciresinol [123, 136] . An arabinogalactan polysaccharide from T. cordifolia showed protection against iron-mediated lipid peroxidation of rat brain homogenate using lipid hydroperoxide (LOOH), possibly due to its high reactivity towards DPPH, superoxide radicals and hydroxyl radicals [140] . Our study showed that the alkaloidal fraction (mainly palmatine, jatrorrhizine and magnoflorine) had better antioxidant activity in the DPPH inhibition assay than columbin, in a dose dependent manner [141] .
Hypoglycemic activity:
In the Ayurvedic Pharmacopoeia of India, T. cordifolia is categorized as an antidiabetic herbal drug due to its alkaloids, diterpenoids and glycosidic constituents [27] . Several studies in vitro and in vivo showed that the alkaloids palmatine, jatrorrhizine and magnoflorin were synergistically responsible for the hyperglycemic effect via a mechanism of insulin releasing, insulin-mimicking and gluconeogenesis inhibition [143] [144] [145] . Magnoflorine was the most potent -glucosidase inhibitor using sucrase and maltose as substrate with inhibitory values of 9.8 and 7.6 µg/mL, respectively, possibly due to blockade of glucose cotransporters Glut-2 and Glut-4, the main carriers of glucose from the intestine into circulation [144] . The antidiabetic property of palmatine was reported in myocyte L6 cells through an insulin dependent pathway and by upregulating glucose transporter-4 (Glut-4) and PPAR (peroxisome proliferator-activated receptor) expression, with berberine and palmatine having similar antidiabetic potential [145] . An isolated α-glucosidase inhibitor, apigenin-6-Cglucosyl-7-O-glucoside, showed mixed competitive inhibitory activities of α-glucosidase and sucrase in the range of 20-80 mg/kg compared with 100-200 mg/kg for acarbose in maltose fed rats [135] . A norclerodane diterpenonoid, tinosporaside, possessed 28% (ρ <0.01) antihyperglycemic activity, comparable with metformin 20.6 % (ρ < 0.05) in diabetic rats [146] .
Antiviral activity: A diterpenoid, tinosporin, showed activity against HIV, HTLV and other viral diseases for its immunomodulatory and selective inhibition of the virus to target T helper cells [147] .
Immunomodulatory activity: The immunomodulatory activity of T. cordifolia is due to the synergistic effects of compounds including Chemistry and pharmacology of Tinospora cordifolia Natural Product Communications Vol. 12 (2) 2017 301 low molecular weight alkaloids, clerodane diterpenoids, sesquiterpenoids and phenyl propanoids (magnoflorine, Nformylannonain, N-methyl-2-pyrrolidone, 11-hydroxymuskatone, cordioside, cordifolioside A, cordifolioside B, cordial, tinocordiside and syringin), a high molecular weight arabinogalactan named G1-4A, 1,4-α-D-glucan (RR1), and the enzyme thiol amylase [30, 83, 91, 120, [148] [149] [150] [151] [152] [153] [154] . Clerodane furano diterpenoid glycosides like cordioside, cordiofolioside A and cordiol were reported for their macrophage activation, which plays an important role in specific and non-specific immune responses [148] . Cordifolioside A is an active immunostimulant used in the quality control and standardization of the plant's formulations [155] . A cadinane sesquiterpenoid glycoside, tinocordiside, possesses immunomodulatory activity [8] . The polysaccharide fraction from T. cordifolia effectively reduced the metastatic potential of B16F-10 melanoma cells [156] due to its antioxidant activity towards DPPH and superoxide radicals [136] . G1-4A, an arabinogalactan polysaccharide isolated from T. cordifolia, constitutes galactose (32%), arabinose (31%), galacturonic acid (35%) and rhamnose (1.4 %) by GC-MS, and induced maturation of immature dendrite cells of bone marrow and spleen by modulation of cytokines, costimulatory molecules and others which consequently lead to adaptive immunity by clonal expression and differentiation through antigen specific T cells [157] . G1-4A also induces phenotype of bone marrow dendritic cells (BMDC) after maturation which releases nitric oxide to generate peroxynitrate to kill tumor cells by phagocytosis [158] . Another polysaccharide (1→4)-α-D-glucan (named RR1) isolated from T. cordifolia with a molecular weight ˃550 KDa has (1→4)-α-glycosidic linked back bone and (1→6)-α-glycosidic linked branches which exhibited unique immune stimulating properties as a non-cytotoxic and non-proliferating to normal as well as to tumor cell lines in the concentration range of 0-1000 g/mL [152] . RR1(α-D-glucan) activates different subsets of lymphocytes like natural killer (NK) cells (333%), T cells (102%) and B cells (39%) at 100 µg/mL concentration and immunomodulation in normal lymphocytes by increasing the synthesis of IL-1β, IL-6, IL-12 p70, IL-12 p40, IL-18, IFN-γ, tumor necrosis factor (TNF-) and monocyte chemoattractant protein (MCP)-1 without affecting IL-2, IL-4, IL-10, (INF)- and TNF-β [151] . Water solubility of α-D-glucan has the advantage over the β-glucan which forms granuloma [151] . The immune system activation by α-D-glucan was shown to be associated with signal transduction pathway in mouse macrophages [152] whereas intravenous administration of 10 mg/kg α-D-glucan in anaesthetized rats leads to significant tachycardia without hypotension [153] . An immunomodulatory protein named guduchi ImP, with a molecular weight 25 kDa, showed lymphoproliferative and macrophageactivating properties [154] .
Antilarvicidal activity: A chalcone, cordifolin [1-(2',3',4'-trihydroxyphenyl)-3-(4''-methoxyphenyl)-propen-1-one], exhibited insect growth regulatory activity against larvae of Spodoptera litura [159] .
Anticancer activity: Berberine possesses antineoplastic activity on mice bearing Ehrlich ascites carcinoma at a dose of 10 mg/kg body weight and acts as a topoisomerase II inhibitor [13, 160, 161] , whereas columbin, a furanolactone diterpenoid, showed chemopreventive ability against human colon cancer [162] . A longchain aliphatic alcohol, octacosanol, acts as an antiangiogenic compound (in vivo) that inhibits the secretion of vascular endothelial growth factor into ascites fluid by tumor cells at the molecular level, as well as inhibiting the activity of matrix metalloproteinases (MMPs) and translocation of transcription factor NF kappa B to the nucleus [68] . A clerodane diterpenoid, (5R,10R)-4R,8R-dihydroxy-2S,3R:15,16-diepoxycleroda-13(16),17,12S:18, 1S dilactone, was found to prevent chemically-induced hepatocellular carcinoma in rats, and inhibit tumor growth through an antioxidant and detoxification mechanism. The dual action of the diterpenoid was transmitted by blocking carcinogen metabolic activation and enhancing carcinogen detoxification [163] .
Antiosteoporotic activity:
The steroidal constituent, 20-hydroxy-β-ecdysone, showed an antiosteoporotic effect in the treatment of osteoporosis and osteoarthritis without activating the estrogen receptor [164] . Ecdysone derivatives have been well studied in the treatment of different estrogenic and androgenic disorders as well as age-related skin conditions [165] . T. cordifolia has potential for the treatment of osteoporosis, osteoarthritis and bone related problems.
Platelet aggregation activity:
A phenolic amide, N-trans-feruloyl tyramine was shown to possess platelet aggregation activity [166] .
Pharmacological activity of chemical constituents of T. cordifolia:
Several compounds were found to be pharmacologically active in different assay systems, although clerodane diterpenoids and their glycosides were claimed as the major non-alkaloidal constituents, and their variable abundance in poor yield, are limiting factors for determining biological study.
Toxicity of T. cordifolia:
In Ayurveda, T. cordifolia is reported as a safe drug, whereas regular use of high doses can cause constipation. No report is available on its toxicity [167] . A toxicity study of T. cordifolia on Swiss albino mice using a high dose level of 9 mL/kg for decoction and 8 g/kg for the whole plant powder showed no mortality and an LD 50 value was found to be higher than 1g/kg in oral administration without affecting the GI motility of normal animals [6] . Another toxicity study by Agarwal et al. showed that a dose of up to 3 g/kg of T. cordifolia had no adverse effect on animals [168] . Upadhyay et al. carried out a toxicity study on T. cordifolia and found that a 500 mg/day dose for a period of 21 days is safe in healthy volunteers [7, 169] . Several other studies have also shown a lack of toxicity [12, 170] . T. cordifolia administration to normal volunteers has been found to be safe in a phase I study [6] . Considering toxicity studies in different animal models and routine use by practitioners, T. cordifolia can be used as a safe herbal drug.
Conclusion and future prospects:
Literature documentation across different disciplines of study reveals that T. cordifolia has been considerably explored in the area of biological activity of different extracts, fractions and compounds with the quantification of some bioactive compounds. The plausible mechanisms of action in in vitro and in vivo models were also explored for crude extracts, formulations, and compounds along with clinical and toxicological studies. The pharmacological data for T. cordifolia and its several isolated compounds undisputedly support its use as an ingredient in herbal drugs and formulations. Furthermore, the compounds isolated from T. cordifolia having antidiabetic, anti-inflammatory, anticancer and immunomodulatory activity can be used as therapeutic agents against these diseases either alone or in combination in a standardized form. The abundant nature of T. cordifolia in subtropical Asian countries makes it a commercially low cost and effective herbal complementary medicine. The biological study and clinical trials of T. cordifolia are indicative of its safety and potent therapeutic value as a health supplement of commercial importance, as well as a store house for future drug development in critical diseases where modern medicines have limited therapeutic potential.
